A questionnaire survey was carried out in 4 European countries to gather end-user's perceptions of using plants from phytotechnologies in combustion and anaerobic digestion (AD). 9 actors of the wood energy sector from France, Germany and Sweden, and 11 AD platform operators from France, Germany and Austria were interviewed. Questions related to installation, input materials, performed analyses, phytostabilization and phytoextraction. Although the majority of respondents did not know phytotechnologies, results suggested that plant biomass from phytomanaged areas could be used in AD and combustion, under certain conditions. As a potential advantage, these plants would not compete with plants grown on agricultural lands, contaminated lands being not suitable for agriculture production. Main limitations would be related to additional controls in process' inputs and end-products and installations that might generate additional costs. In most cases, price of phytotechnologies biomass was mentioned as a driver to potentially use plants from metal-contaminated soils. Plants used in phytostabilisation or phytoexclusion were thought to be less risky and, consequently, benefited from a better theoretical acceptance than those issued from phytoextraction. Results were discussed according to national regulations. One issue related to the regulatory gap concerning the status of the plant biomass produced on contaminated land.
Introduction
Production of energy crops, although welcomed from the renewable energy perspective, has become considered as a threat to food security and even to sustainable development. 1, 2 Finding alternative sites for energy crop cultivation would eliminate these risks. Marginalised land due to low fertility and contamination could provide areas for energy cultures without competing with agricultural land. By this, synergistic benefits could be achieved: increased production of renewable energy, encouraged by the Renewable Energy Directive (RED) 2 ; as well as restoration of degraded land using phytotechnologies. Phytotechnologies, plant-based options for contaminated land management, often assisted by beneficial microorganisms and soil amendments not only provide valuable sources of renewable biomass for the bio-based-economy (e.g. bioenergy, biocatalysis and platform molecules for green chemicals, and ecomaterials), but also improve ecosystem services by restoring soil structure, quality and functions. 3 A number of plant species have an ability to grow on contaminated soil without developing toxicity symptoms or accumulating elevated concentrations of trace elements (TE) in their above-ground tissues. Therefore, elevated concentrations of TE in soil do not necessary lead to the higher concentrations of these TE in the harvestable biomass. However, some plant species can extract considerably more TE from soil than the average physiological levels and lead to accumulation of TE in their aboveground parts. This means that depending on the choice of plants and the aim of the phytotechnology (i.e. (aided) phytostabilization vs phytoextraction)
harvested biomass can have different levels of TE. Nevertheless, all plants can be considered as raw materials for the bio-based-economy if (i) TE do not disturb the functioning and the performance of the biomass processing, (ii) if the TE transfer is controlled and impacts on the environment are prevented; and (iii) if such plant use complies with current regulation.
Among the different valuation pathways, biomass can be converted to bioenergy via physical, biological and thermal processes. Combustion is the most important energy conversion way for biomass to produce heat and electricity. Combustion results in bottom ashes and flue gases (gaseous fraction and fly ashes). Combustion of metal-enriched woody biomass resulting from phytotechnologies was recently explored at pilot scale regarding the fate of metals in emissions and associated regulatory aspects. 4, 5 Highest concentrations of Cd and Zn were found in fly ash compared to bottom ash. From these studies, the combustion of metal enriched poplars and willows in boilers equipped with efficient filters is recommended to minimize air pollution and comply with regulatory thresholds. Anaerobic digestion (AD) leads to formation of digestate and biogas, the latest being used either to produce heat and electricity or as a transport fuel, or injected into the natural gas distribution network. The biogas sector has been expanding in Europe over the past few years as recently reported. 6 Since only a few studies discussed the possibility to use phytoremediating plant biomass in AD, the information related to the fate of metals and their influence on anaerobic performance are rare. [7] [8] [9] [10] [11] [12] [13] [14] [15] The application of ashes and digestate resulting from the conversion of phytoremediating plants on soil for agricultural purposes could be potentially problematic. It will depend on the quality of residues, notably their metal content and the existing legal frameworks.
To our knowledge, perception of operators of biomass conversion pathways and regulation issues in the context of phytotechnologies have been little studied so far, whereas for a successful deployment these technologies must be acceptable from a technical, regulatory and social point of view. 16, 4 In this work, we reported the opinions of a panel of operators of two routine biomass conversion pathways, combustion and AD, concerning the possibility to accept plant biomass produced on phytomanaged areas in their installations. Perceptions, in terms of potential advantages and limitations, of 19 operators from France, Germany, Sweden and Austria were collected through a questionnaire performed during the course of the European project GREENLAND. Results of the questionnaires were confronted with the current regulations of the 4 countries involved in the study. Due to the small number of interviews and the limited geographic outreach of interviews, the results of the study are not reproducible and transposed to other countries. By integrating technical, regulatory and social aspects, our objective was to help to identify relevant valorization pathways for the plant biomass produced by phytostabilization and phytoextraction.
Materials and Methods
A questionnaire survey was carried out during the European "GREENLAND" project Figure S1 shows part of the section on phytotechnologies.
Participants that used wood and energy crops as fuel/feedstocks at a significant rate in combustion and AD (boiler and AD platforms operators/owners) were selected from partner countries of the GREENLAND project. The questionnaire survey was carried out between 2012
and 2014 resulting in 9 interviews of actors of the wood energy sector from France (4), Germany
(2) and Sweden (3), and 11 interviews of AD platforms operators from France (5), Germany (4) and Austria (2). Table 1 summarizes the main characteristics of participating installations and input materials.
Participating AD installations were mainly isolated farms or farm groupings ( Table 1 ) that provided themselves with input materials produced on or adjacent to the farm (<10 km).
Temperature of AD process ranged from 38 to 55 °C and lasted from 21 to 160 days. Biogas produced by such AD installations was used to heat on-site digester and buildings, produce hot water and dry agricultural products. Biogas was also used to produce electricity injected into the national power network, upgraded to be injected into the natural gas grid or used as a transport fuel ( Table 1 ). All respondents entirely valorized the produced digestate by direct spreading on farmland with or without application plan, as a structuring matter to produce compost or both (Table 1) . Input materials were very diverse as shown in Table 1 .
Participants to the combustion survey were mainly municipal or private wood boilers (Table 1 ). Both in Sweden and France, each interviewed municipality had a municipality-owned company that operates the boiler. In Germany, one large boiler was operated by a private company. In addition, a French company that operates boilers of various sizes, a French boiler wood supplier and a German farm grouping from a rural district were interviewed (Table 1) .
Input fuels were mainly wood (Table 1) coming from local or regional forest (6 out of 9 respondents) or from wood trade companies (4 out of 9 respondents), two respondents being supplied with wood waste. The gases generated by the combustion are used to produce heat (all respondents) and electricity (one respondent) ( Table 1) . Ashes are differently valuated according to the country. In Sweden, ashes are typically valorized by direct spreading in forests or mixing with construction materials, whereas in France and Germany ashes can be valuated in agriculture (composting, direct spreading) or disposed off on landfills (Table 1) .
Results and Discussion
3.1 Feedback from the questionnaire survey on AD
Input materials
In AD platforms, plants resulting from home garden green waste, parks and gardens, agricultural wastes or dedicated cultures (e.g. maize, sunflower) were used as substrate injected in the digester or added as a structuring matter to make compost (Table 2) . When several plants were used in the AD process, these were mixed together to increase the AD performance.
In France, installations are exclusively dedicated to AD of non-hazardous waste or crude plant material (Table S3) . 17 Legally, cultivation of energy crops (dedicated culture) is prohibited because of land-use competition for food, unless it is intermediate cropping for AD feedstock,
i.e. the arable land is all year covered with plant culture in rotation, among which one cropping is harvested in between and used to feed the farm AD unit. The large variety of plants used in the French AD platforms is the result of this political framework (Table 2 ).
In Germany, suitable input materials are listed in a positive list as part of the quality assurance system for digestate which is a voluntary system. 18 Conversely to France, Germany has opted in the past to develop agricultural AD facilities by encouraging the planting of energy crops ( Table 2) . As German respondents reported, input materials derived from renewable energy crops included manure, energy crops (e.g. maize silage, grass silage, whole plant grain silage, cereal grain, sugar beet, Sudan grass) and diversified materials, like green-waste from landscaping and straw (Table 2) . When the questionnaire survey was carried out, the AD operators were subjected to the Renewable Energy Sources Act of 2012 (EEG 2012) which explicitly encouraged the use of energy crops by additional reimbursements (Table S3) . 19 This political framework led to the use of mainly maize in almost 80% of the German agricultural AD plants. 20 In contrast to ref. 19 , the current EEG 2014 does not encourage the use of energy crops with high additional remuneration anymore but promotes the use of residual materials instead like manure and biowaste. 21 In Austria, 300 AD units existed by the end of 2015 on a farm level or small farmer cooperations with the feedstock (maize, grass, manure) available in close proximity to most plants. 22 The Austrian government recognizes that crops for AD can be grown as part of a normal agricultural rotation or on land that is not suitable for food crops, and that some crops may need to be added to slurry-based AD to ensure efficient operation (Table S3) . Consequently, most of AD plants are installed in grasslands instead of arable lands, i.e. areas that do not compete with food production. Crops, such as grasses and maize, can be used as the sole feedstock for AD, or combined with others (Table 2 ). Grass comes usually from residual grasslands in mainly agricultural regions.
Concerning the questions related to potential analyses and preparation of input materials, most of respondents indicated to perform qualitative and quantitative analyses to ensure AD performance (Table S4 ). Qualitative analyses were performed to avoid problems due to physical impurities (e.g. plastic). Quantitative analyses were performed according to feedstock quality management and mostly relied on organic content, dry matter and biogas yield (Table S4 ). All respondents indicated that contaminants (e.g. metals, PAHs) content in input materials was not a concern and consequently input materials were not analyzed for such compounds. Indeed, most of respondents knew the origin of the input materials and assumed that they were free of contaminants.
Output / digestate valorization
However, contaminants, in particular metals, became a concern for those respondents who directly spread the produced digestate on farmland. In this case, annual (or pluri-annual) metal analyses of soil were performed before digestate spreading to check the suitability with the metal thresholds set in national regulatory framework (e.g. for France, 23 ) (Tables S3 and S5 ). In
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addition, when the digestate is composted, the produced compost has to comply with metal thresholds set in national standards (e.g. for France, 24, 25 ) (Tables S3 and S5 ).
In France, digestate can only be spread as a soil improver or fertilizer on arable lands of the farm that produced it, after characterization (e.g. agronomic value, amount, production yield) and annual application plan (Table S3) . 26 Otherwise, it has to be composted following the French quality standard on soil improvers which states agronomic requirements and, notably, threshold values for metals (Table S5) . 24 In addition to metal limit, the compost standard gives fixed maximum heavy metal load (Table S5 ).
In Germany, digestate can be produced from biowastes, from renewable energy crops, from manure, or from a mixture of those (Table S3) . Land application by direct spreading of digestate on farm is allowed and common practice (Table S3 ). Composting of digestate is possible and promoted on or outside farmland (Table S3) . 19 Quality criteria for digestate products concerns, among others, heavy metal concentrations. Digestate resulting from agricultural, horticultural or forestry production is regarded as a fertiliser and has to comply with the limits set in the fertiliser ordinance whereas digestate made partly or totally with biowastes has to comply with the biowaste ordinance limits. 27, 28 Table S5 shows the limits set for metals in these regulations.
In Austria, land application by direct spreading of digestate on farm is allowed and usual, whereas composting of digestate is of minor importance (Table S3 ). When it is done, it falls under the compost regulation. Digestates produced from pure agricultural products, i.e. not wastes (e.g. maize, grass), from organic waste materials (e.g. old oil, fat, leftovers) or both are allowed to be spread on agricultural land if criteria from the fertiliser ordinance (DMV) are met ACCEPTED MANUSCRIPT (Table S5) . 29 In addition, the Compost Ordinance which specifies clear quality standards for composts has to be considered when digestate is made of biowastes and agricultural products. 30 According to this Ordinance, compost is classified into three quality classes, depending on the heavy metal concentrations. The metal limits regulate compost application for organic farming (Class A+), agriculture and hobby gardening (Class A) or landscaping and reclamation (Class B) (Table S5) .
On EU-level, the EU ECO label for soil improver promotes the production and reuse of organic waste and suggests metal limit values (Table S5 ). 
Feedback from the questionnaire survey on combustion

Input materials
As shown in Table 2 , fuel used in boilers that were subject to the questionnaire was primarily wood, used as wood chips (6 respondents out of 9). Sawmill by-products, peat and other forms of wood (e.g. trays, pallets, wood waste) were used to complement wood chips (3 respondents) or were the main fuels (2 respondents).
To make sure that the boiler operation is going well, operators visually check the fuel supply and remove any undesirable substances (e.g. plastics) that could block the boiler (Table   S6 ). Other quantitative measurements are performed in fuels such as the effective heating value of the fuel (3 respondents out of 9) and contaminants, particularly metal(oid)s (Hg, Cd, Tl, As, Pb, Cr, Cu, Ni, Zn) (3 respondents) ( Table S6 ). Most of boiler operators using wood chips as a unique fuel coming from the farms production or the boiler vicinity did not measure contaminants, as the origin of the wood was clearly known and there were no reasons to assume 12 ACCEPTED MANUSCRIPT that they contained contaminants. Boiler operators that measured contaminants in input fuels where those that used wood waste.
When mixtures of different wood origins were used and boiler operators did not have the possibility to check the fuel origin by themselves, the traceability of the wood supply chain was carried out via the specification of input fuels allowed in boilers like in France and Germany or via the SDC services in Sweden (http://www.sdc.se/).
French regulation regarding combustion plants depends on the total rated thermal input and the type of fuels used. 32, 33 These requirements led to 3 categories of boilers, allowed to accept fuels among which products consisting of any vegetable matter from agriculture or forestry that can be used as a fuel for the purpose of recovering its energy content (a), or (b) wastes such as (i) vegetable waste from agriculture and forestry and some biomass classified as wood waste b(v).
Depending on the boiler category, requirements regarding metals differ. For instance, in the declaration category, there is no specification concerning metal limit in fuels whereas in the authorization category measurement of maximal metal concentrations in fuels authorized in the permit are set based on data recorded by operator. 32, 33 In Germany, boiler operators conducted their own randomized analyses of input fuel to ensure that their fuel originated from renewable primary products as stipulated in the regulation. 21, 34 Like in France, the German regulation on combustion depends on the total rated thermal input and the type of fuels. If waste wood is used, the boiler falls under the federal immission control ordinance for incineration or co-incineration of waste. 35 In addition, fuel classes and specifications of solid fuels are set in German standards with the objective to ensure traceability and transparency between seller and buyer and facilitate authority permission 
Valorization of bottom and fly ashes
Fly ash constitutes the particulate fraction of the flue gas which is generally more concentrated in metals than the gaseous fraction and the bottom ash. 4, 5 When the boiler is equipped with an efficient cleaning air system (multicyclone, bag filter, electrofilter), fly ash can be trapped to avoid pollutant air emission and subsequently valorized or disposed in discharge. 3
boiler operators out of 9 interviewed separated bottom ash from fly ash (Table S7 ). Small installations within the respondent panel were not equipped with air emission cleaning system, which did not allow them to recover fly ash. In France and in Germany, where small installations (< 0.5 MW) were questioned, bottom ashes were valorized by direct spreading or composting (Table 1) . Among those that were equipped with air emission cleaning system (> 0.5 MW), some separated ash fractions (3 respondents), whereas some others did not (5 respondents) (Table S7) .
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In case of separation, the valorization of the two ash fractions differed from one country to another. The French respondents valorized only bottom ash in agricultural applications (landspreading, composting), fly ash being sent to hazardous or non-hazardous disposal sites. The Swedish respondents valorized both bottom and fly ash fractions in various applications, from fertilizers to forest and construction materials ( Table 1 ).
The French regulation that sets the requirements to spread ash from biomass combustion was recently revised (e.g. ref. 32 ). Land spreading of bottom ash only is allowed. Requirements concerned the bottom ash characterization, the making of a spreading plan and the respect of maximal metal concentrations in bottom ashes and metal load over 10 years. 32, 33 Fly ash and bottom ash have to be stored separately, both ashes having the possibility to be valorized in various materials like concrete or cement or in civil engineering as filling materials, when a trading demand exists. 32, 33 In Germany, wood ash and ash from the combustion of untreated plant biomass can be utilized as an additive to produce inorganic fertilizers under certain conditions. Cyclone filter ash and fly ash are forbidden for this use. Limit values are set on metals and nutrients, the fertilization with wood ashes being regulated in the German fertiliser ordinance. 27 In Sweden, ash recycling is considered to be an important part of sustainable forestry.
Nevertheless, there is no national legislation but only recommendations on utilization of ash in forestry. Swedish recommendations are The Swedish Forestry Agency's view of how ash recycling should be done to meet the requirements provided by the authority regulations to the Swedish Forestry Act and the general rules of consideration in the Swedish Environmental
Code. 40, 41 The Agency recommends maximum levels of nutrients and minimum levels of
potentially toxic elements in ashes that are suitable for the recycling through forest fertilization.
A minor exceedance by maximum 5-10% of the recommended levels for some of the potentially toxic elements may be accepted if it can be assured that the ashes are derived from pure forest fuels without admixture of contaminating fuels. The utilization of ash from other fuels is allowed as long as the ash quality complies with the requirements in these previous recommendations and do not contain harmful substances.
Will operators use plants grown on phytomanaged areas in their installation?
Since the results of the questions focusing on phytotechnologies (Fig. S1 ) are already available as a report of the GREENLAND project, here the main output is summarized for a scientific audience in Table 3 . 42 The knowledge about phytotechnologies among AD operators was scarce. Only 3 out of 11 were familiar with it, and only 1 could distinguish between phytostabilization and phytoextraction.
However, the general acceptance of biomass from phytotechnologies was high under certain prerequisites. Plants cultivated during phytostabilization could be accepted as input in AD facilities if TE content was proved to be low or close to background levels. Contrastingly phytoextracting plants would be accepted as input if TE content was controlled, gas yield was satisfying (no negative impact on equipment and microorganisms) and economic revenues were available. Based on their own perception, several operators mentioned that up to 50% and 35% of phytostabilizing and phytoextracting plants, respectively could be introduced in their installations.
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From the AD operators´ point of view the use of TE enriched plants could involve more disadvantages than advantages (Table 3) .
Among operators and owners of boilers as well as wood suppliers for combustion 4 out of 9 knew about phytotechnologies but no one could distinguish between phytostabilization and phytoextraction. Wood chips were the main source for boilers and in many cases plants originated from areas close to the facility. Plants grown during phytostabilization were considered as biomass (1 exception), whereas those from phytoextraction were considered as waste (1 exception and 3 double-minded). This choice was based on the fact, that ashes could not be used unrestricted anymore or boiler equipment could be impaired due to metals. However, in this group the advantages of phytotechnologies, especially aspects of sustainability, were still
perceived but yet the perception of disadvantages like (a) the potential need of additional controls, (b) installation modifications and (c) waste treatment assimilation outweighed (Table   3 ).
Taking into account perceptions and regulation: what is feasible?
The results of the questionnaire survey indicated that plants used in phytostabilization could advantageously be used in the installations of the interviewed operators/actors as a new resource of feedstock or biofuel because they usually show metal concentrations in the range of physiological levels. Among plants that can be cultivated on contaminated land without transferring metals in their harvestable parts, i.e. usable plants for phytostabilization, maize and various other grasses are used for long time in demonstration field sites. 3 Different cultivars of maize, barley, durum, rye and wheat were then reported to exclude metals, in particular Cd, making them extremely suitable for diverse conversion processes. 3 For example, maize with its
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high methane yield, the most important parameter for successful anaerobic digestion (AD), is intensively used in AD in Germany and Austria (Table 2) . 43 In addition to maize cultivation on arable land like in Germany, maize could take advantage of its phytostabilizing/excluding trait to be cultivated on metal contaminated site for AD valuation without metal transfer in emissions and by-products. Other plants or cultivars having both a high methane yield and a low metal transfer rate could be also relevant candidates for AD on metal contaminated land. 44 The careful choice of feedstock is essential to get the highest process performance and a high quality digestate. As shown in Table 2 , plants are generally co-digestated with other substrates in a range that can reach more than 80 %. The study of the regulation of the 4 countries considered in this work showed that the analysis of contaminants in input materials is not compulsory. On the contrary, the analysis of contaminants, in particular metals, are mandatory in the produced digestate when spread on farm land or in the produced compost when the digestate is composted.
Metals in both digestate and compost must not exceed metal thresholds stated in national regulation and standards (Table S5) . As TE are expected to be concentrated in the digestate when metal-enriched biomass is used as substrate, 11, 15, 42 to avoid limitations in the use of digestate and compost, the use of phytostabilizing/phytoexcluding plants could be recommended rather than metal-enriched plants from phytoextraction.
Depending on the country, plants suitable for AD are regulatory named intermediate crops, energy crops, agricultural waste or product, green waste or product. On the other hand, how the plants grown on contaminated land are regulatory considered is not known (waste or product), this question has not been discussed yet. One reason could be that the amount of plants produced on contaminated sites for remediation purposes or for bioenergy production is so far ACCEPTED MANUSCRIPT not significant until now, as it is only produced for scientific purposes. 42 The use of the biomass from contaminated land will be facilitated once the legal framework will be known for this biomass.
Concerning combustion, wood chips from forest and wood-based industries constituted the largest source of solid biomass used as fuel (Table 2 ). Wood used is very diverse (poplar, willow, alder, coniferous trees, beech, sweet chestnut, birch, oak, ash, hornbeam, eucalyptus, acacia, etc.) and notably depends on country, climate, practices, subsidies, and wood availability.
Among wood, several species such as poplar and willow are cultivated in short or very short rotation coppice for combustion purpose as they produce very high biomass yield in few years and easily re-grow after harvest. This long-term tree cultivation is in particular a common practice in Sweden. In contrast to most other trees cited above, poplars and willows are known to accumulate Cd and Zn in their leaves and to a lesser extent in wood when they grow on contaminated land. [3] [4] [5] However, metal accumulation strongly depends on cultivar and soil type which make them usable for phytoextraction and phytostabilisation field trials. 3 From the questionnaire survey, combustion plants (except the smallest) were equipped with air emission cleaning system which might prevent pollutant air emission and thus theoretically allow the use of any tree as fuel in the equipped ones. However, the valorization of ashes was highlighted by the respondents as a very important point to consider in the case of using phytoextracting wood, for which ashes are expected to contain high metal concentrations. 4, 5, 42 Indeed, valorization of ashes (bottom ash, fly ash or ash when not separated), which is a common practice in the interviewed countries (see 3.2), could potentially be limited if metal concentrations in ashes do not comply with legal framework. To overcome this limitation, the separation of bottom and fly
ashes could be recommended in countries where it is not already done for facilitating the re-use of bottom ashes and to manage fly ashes according to their TE content. 4, 5, 42 In addition, the use of cultivars of trees that accumulate metals as little as possible could also be proposed to reduce metal concentrations in ashes. As quoted above, the way of considering the trees (biomass, waste) that grow on contaminated land will guide operators to select the right combustion plant in which this type of fuel could be burnt.
Conclusions
Through a questionnaire survey performed in 4 European countries, preliminary perceptions of AD platforms operators and boiler operators/suppliers were gathered to identify the reasons to accept or reject plants grown on phytomanaged areas as feedstock or biofuel in their installations.
For the two valorization options considered in this study, plants used in phytostabilization or phytoexclusion were thought to be less risky and, consequently, benefited from a better theoritical acceptance than those derived from phytoextraction. Thus, AD and combustion seem possible valorization pathways for plants from phytostabilization whereas the possibility that these valorization options are relevant for the plants from phytoextraction is still questionnable.
To enhance the reliability of these conclusions, a study with a broader panel and an increased geographic outreach of interviews would be necessary.
To our knowledge, by far, plant biomass on contaminated lands is only produced for scientific purpose to be used in demonstration projects such as in the European project GREENLAND and thus represents a small amount of potential feedstock or biofuel. In the
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future, one can imagine that planting crops on contaminated areas will be part of the RED objective, thus increasing the amount of feedstock and biofuel to be processed. 
